Liquid-liquid phase separation (LLPS) of RNA and protein plays a major role in the cellular function of membraneless organelles (MLOs). MLOs are sensitive to changes in cellular conditions, such as fluctuations in cytoplasmic ion concentrations. To investigate the effect of these changes on MLOs, we studied the influence of divalent cations on the physical and chemical properties of RNA coacervates. Using a model arginine-rich peptide-RNA system, we predicted and observed that variations in signaling cations exert interaction-dependent effects on RNA LLPS. Changing the ionic environment has opposing effects on the propensity for heterotypic and homotypic RNA LLPS, which results in a switch between coacervate types. Furthermore, divalent ion variations continuously tune the microenvironments and fluid properties of heterotypic and homotypic droplets. Our results may provide a generic mechanism for modulating the biochemical environment of RNA coacervates in a cellular context. Phase separation aids in regulating essential functions of cells and organisms. Within the cellular context, condensation-driven phase separation of biomolecules selectively compartmentalizes essential proteins, nucleic acids, and biochemical processes 1 . Liquid-liquid phase transitions can drive dynamic intracellular compartmentalization to form membrane-less organelles (MLOs) such as the nucleolus and stress granules 2-5 . Unlike their membrane-bound counterparts such as the nucleus, the unique physicochemical features of MLOs can enable liquidlike behavior such as facile formation, fusion, and dissolution 2 . These dynamic qualities provide a means for cells to sense and respond rapidly to changing environments, such as the cytoplasm during stress 2 . In this context, stimulus-dependent liquid-liquid phase separation (LLPS) of biopolymers has recently emerged with numerous implications in biology 6,7 .
Introduction

Divalent salt triggers a switch-like phase behavior of a peptide-RNA system
The above results clearly demonstrate the opposing effects of divalent cations on homotypic and heterotypic phase separation in a peptide-RNA system. If the phase boundaries (Fig 1a, 1c) remain consistent in the combined RP3-polyU system, Mg 2+ can act as a stimulus to create a switch-like phase behavior. In other words, starting with RP3-polyU droplets, a titration of Mg 2+ would first lead to dissolution of these heterotypic droplets and subsequent formation of homotypic RNA droplets. Sequential turbidity measurements of RP3-polyU mixtures over increasing [Mg 2+ ] corroborated this prediction, displaying a window of miscibility between the two-phase regions of the phase diagram (Fig 2a) . To more directly visualize switching between different regions of the phase diagram, we used confocal fluorescence microscopy with differentially labeled RP3 and RNA (Fig 2b) . Starting with heterotypic RP3-polyU coacervates at low salt (10mM Tris, 0mM Mg 2+ ), we added 150mM Mg 2+ into the solution, which resulted in the dissolution of the droplets. Subsequent addition of Mg 2+ to a final concentration of 500mM produced new homotypic polyU droplets (Fig 2b) . Given the orthogonal effects of Mg 2+ on our system, we can conclude that these are two distinct types of polyU RNA droplets, which will henceforth be referred to as heterotypic RP3-polyU droplets and homotypic polyU droplets. This behavior could also be recapitulated qualitatively using a Flory-Huggins based lattice model. This theory of polymer phase separation operates under the assumption that the net response of our peptide-RNA system is manifested by a superposition of heterotypic and homotypic interaction potentials (SI Note-1). Taken together, these data and analyses demonstrate an orthogonal phase behavior of this in vitro RNP system in response to a variation in Mg 2+ concentrations.
Heterotypic peptide-RNA and homotypic RNA droplets offer functionally distinct microenvironments
During salt-induced switching from heterotypic RP3-polyU droplets to homotypic polyU droplets, we noticed that the partitioning of RP3 into droplets was dramatically reduced (Fig 2b) . Since RNP droplets may function in concentrating cellular proteins and enzymes in an organelle-like microenvironment 35 , any alterations in the selective partitioning of proteins and nucleic acids may be directly linked to their function. Based on a series of confocal imaging experiments, we calculated the estimated partitioning of a range of probes with variable molecular weight and charge using fluorescent RNA and peptides/proteins as partitioning markers (Tables S1-S3 ). We define partitioning as the ratio of fluorescence intensity between the dense and dilute phase (I dense /I dilute ) ( Fig S6) . These probes were selected to feature molecular weights ranging from small organic molecules (< 1 kDa) to large globular proteins (~ 100 kDa), along with diversity in charge and structure. Figure 2b demonstrates a high preferential inclusion of RP3 within heterotypic RP3-polyU droplets as expected. Upon increasing cationic concentration, we anticipate an exclusion of RP3 from homotypic polyU droplets due to charge screening of RP3-RNA interactions and a simultaneous strengthening of homotypic polyU interactions, as represented in Figure 3a . Experimentally, we observed a continuous decrease in RP3 partitioning into homotypic polyU droplets, eventually leading to preferential exclusion at 1500mM Mg 2+ (Fig 3a) . Although RP3 showed weak partitioning at 500mM Mg 2+ , a peptide (GR) 20 (20 arginines) with significantly higher positive charge than RP3 (6 arginines) showed favorable partitioning even under these conditions. However, (GR) 20 and RP3 partitioning both decreased with increasing Mg 2+ , as expected due to charge screening (Fig 3a, Fig S6, Table S2 ). Along with the partitioning decrease, we saw partial selective exclusion of both RP3 and (GR) 20 at 1500mM Mg 2+ . Additionally, we observed that an archetypal IDP, a-synuclein, positively partitioned within heterotypic RP3-polyU droplets, but is excluded from homotypic polyU droplets (Fig 3b, Table S3 ). A large globular fusion protein, eGFP-MBP, was excluded from both types of droplets, while a molecular chaperone from the small heat shock protein family, Hsp27, showed comparable partitioning properties to that of a-synuclein (Fig 3b, Table S3 ). Clear distinctions in partitioning properties between small RNA probes were also observed. U 10 RNA partitioned well into the RP3-polyU droplets, but poorly into the homotypic polyU droplets (Table S3 ). A 10 RNA, however, showed very strong partitioning into polyU droplets. These observed differences can be attributed to the sequence complementarity of A 10 RNA, which can strongly interact with polyU, as compared to U 10 RNA. The variation in partitioning among our probes in the homotypic and heterotypic droplets provides additional evidence that these droplets carry biochemically distinct microenvironments. 
Mg 2+ controls the material properties of heterotypic and homotypic RNA droplets
The results above show that under certain conditions, a switch-like behavior between heterotypic and homotypic RNA droplets and their differing biochemical environments can be controlled by a simple variation in divalent ion concentration. We studied whether the same saltdependent tuning of the heterotypic and homotypic interactions that are the molecular basis for this switching would also vary the material properties within each type of droplet. Based on the arguments presented earlier, we would again anticipate opposing effects for the two kinds of droplets upon increasing [Mg 2+ ], with a rise in fluidity of heterotypic RP3-polyU droplets and a drop in fluidity in homotypic polyU droplets. To test this idea, we used fluorescence recovery after photobleaching (FRAP) experiments, where the fluorescence recovery time (t FRAP ) of an RNA probe (FAM-UGAAGGAC) was taken as a relative measure of molecular diffusivity and hence droplet fluidity under identical experimental conditions. For RP3-polyU droplets, our results revealed that t FRAP decreases substantially from ~120 sec at 0mM Mg 2+ to ~3 sec at 100mM Mg 2+ (Fig 4a) . We quantified the relative scaling of the t FRAP vs. [Mg 2+ ] for RP3-polyU coacervates, which revealed a scaling factor of -0.035 ± 0.0034 using a linear fit of the logtransformed recovery data (SI Note 2). This scaling component provides us with the means to characterize the sensitivity of fluidity to changes in magnesium concentration. Additionally, we showed a significant drop in preferential partitioning of this RNA probe between 10mM and 100mM Mg 2+ (Table S1 ). The drop in fluidity is consistent in monovalent salt, with an increase in NaCl also resulting in decreased t FRAP (Fig S3) . Together, these data show that salt-induced tuning of the electrostatic interactions substantially alters the physical properties of RP3-polyU coacervates. We further probed for the relative fluidity of homotypic polyU droplets as a function of divalent salt concentration. Our hypothesized trend was observed, in that polyU coacervates undergo progressive hardening with increasing divalent salt concentration (Fig 4b) . For example, above a concentration of 900mM Mg 2+ and in the presence of 10% PEG, the FRAP recovery becomes difficult to quantify as the droplets transition towards a gel-like state with extremely low fluidity ( Fig S9) . Similar to the RP3-polyU coacervates, we defined the scaling here to quantitatively describe this variation with a scaling factor of 0.005 ± 0.00028, which is smaller than that of the RP3-polyU coacervates by a factor of ~7. This trend is consistent under similar conditions in the absence of PEG (Fig S5) . Using the fluorescence intensity of the same RNA probe (FAM-UGAAGGAC), we observed increased RNA partitioning within the droplets as a function of increased [Mg 2+ ] (Table S1 ). These results suggest that at higher concentrations of Mg 2+ the fraction of RNA increases within the dense phase. Since increasing [Mg 2+ ] drives progressive homotypic polyU droplet hardening, we hypothesized that sequestration of Mg 2+ by a chelating agent would reverse this effect. To test this reversibility, we introduced EDTA in the system, which strongly chelates Mg 2+ and decreases the bulk concentration of free [Mg 2+ ]. Our data revealed that the inclusion of EDTA decreased the FRAP time ( Fig S5) . Using microscopy, we show that the addition of EDTA to preformed droplets and subsequent addition of Mg 2+ can reversibly dissolve and reassemble homotypic polyU droplets ( Fig S5) .
Discussion
Homotypic and heterotypic interactions are central in governing the LLPS of RNA-binding proteins containing low-complexity sequences. The feasibility of RNA phase separation by homotypic interactions increases the complexity by which these individual interactions are coupled in regulating the condensed phase dynamics of multi-component RNP granules 36 . In our work, we illuminated some of the aspects of this emerging complexity through the lens of physical and chemical property variations in a simplified model RNP granule. Using experimental results, supported by an analytical model, we showed that a model RNP granule is capable of undergoing a switch-like behavior in response to orthogonal RNA interactions. We were able to trigger this behavior in response to a single stimulus, which was the incorporation of divalent ions. Along with droplet switching, we showed selective and restrictive partitioning of biomolecules, as well as tunable material properties in our distinct condensed phases. Both the switching and tunable behaviors observed in this work can be predicted based on the opposing effects of divalent cations on heterotypic and homotypic interactions (Fig 4c, SI note-1) . We anticipate that different conditions could alter the degree of overlap between the two phase-separation regimes, which would instead give rise to continuous tuning behavior. We explored this possibility for the case of Ca 2+ ions, another important cellular divalent ion. In this case, the lower concentration stabilization of homotypic phase separation results in overlapping regimes and continuous variation in droplet composition ( Fig S7) . Furthermore, we observed the formation of dynamic substructure formation during the jump in Ca 2+ concentration ( Fig S8) , reminiscent of vacuoles observed in our previous work 13 .
The single stimulus-driven creation of distinct and tunable condensed phases, with unique chemical and physical properties, reveals potential biological implications. Interaction-based specificity of droplet components can dictate the composition of droplets in vitro, suggesting a potential explanation for the extensive variation in composition seen among cellular RNA granules [36] [37] [38] [39] . Such a stimulus-dependent modulation of liquid-liquid phase separation may also provide valuable insights into how intracellular RNP granules are regulated in response to versatile environmental cues. As alluded to previously, one motivation for studying divalent cations and their effect on phase separation in our system was the effect of fluctuations in cytoplasmic ion concentrations. Work in the field of ion signaling and homeostasis has shown that changes in ion concentration in cellular compartments are involved in major cellular pathways, such as stress signaling and transcription [18] [19] [20] [21] [22] [23] [24] . Variations in cellular Mg 2+ and Ca 2+ also have significant relevance in a variety of functions, including timekeeping, neuronal migration and signaling [19] [20] [21] 23 . Of special interest to us was the evidence pointing to the rising cytoplasmic concentration of divalent ions during stress, as recent work in phase separation showed that monovalent salt concentration plays a role in stress granule formation 10, 40 . Our work reveals what could be an essential role for divalent ion concentration in this process, tuning not only the material properties of these droplets, but also the accessibility of important biological molecules to specific condensed phases. Specifically, these emergent properties could be necessary in segregation and protection of essential RNAs during cellular stress 41, 42 . We note that the divalent ion-mediated tuning and switching discussed here is likely one key mechanism contributing to the tunability of cellular MLOs. Other types of specific and non-specific interactions between cellular RNA and proteins will therefore be able to alter these effects, providing for a rich tunability and inclusion specificity that can studied in the future. Additionally, understanding the interactions and microenvironments that regulate the phase separation of simple RNAs and peptides could help reveal the necessary components and interactions in the formation of protocells, as coacervate biochemistry is a promising direction in deciphering the origin of cells. Lipid membrane vesicles have been proposed as suitable compartments in self-replicating ribozyme systems in a prebiotic RNA world 43 . Homotypic RNA phase separation may provide important advantages as an alternative compartmentalization mechanism. These advantages include stable formation under high divalent ion concentrations needed for ribozyme function 43 , facile exchange of nucleotides, and selective RNA compartmentalization based on specific interactions. Combined, these results reveal a way to consider regulation of LLPS in cellular environments as a complex integration and tuning of weak interactions, which are dependent but also influential to the cellular microenvironment.
